This study examined ways to improve the accuracy of translating clinical practice guidelines (CPGs) into a computer-interpretable guideline (CIG) for pressure-ulcer management using the Shareable Active Guideline Environment (SAGE) guideline model, and aimed to verify the accuracy of the obtained CIG. The study was conducted using the following procedures: selecting CPGs, extracting rules from the selected CPGs, developing a CIG using the SAGE guideline model, and verifying the obtained CIG with test cases using an execution engine. The CIG for pressure-ulcer management was developed based on 38 rules and three algorithms at the semiformal representation level using MS Excel and MS Visio. The CIG was encoded by two Activity Graphs consisting of 115 instances representing algorithms and rules as knowledge elements in the SAGE guideline model. Two errors were found and corrected. Results of the study demonstrated that a CIG representing knowledge on pressure-ulcer management can be effectively developed using commonly available programs and the SAGE guideline model, and that the obtained CIG can be verified with a locally developed execution engine. The CIG developed in the study could contribute to health information management once it is implemented successfully in a clinical decision support system.
Introduction
The increasing use of evidence-based knowledge is prompting the introduction of clinical practice guidelines (CPGs) in order to improve the quality of care, reduce unwarranted clinical practice variations, and decrease healthcare costs in clinical practice. However, paper-based CPGs containing broad information on diseases, diagnoses, treatments, and nursing care have limited usability at the point of care because they are not customised for use with a specific patient (Pele et al. 2003; Tu et al. 2007 ). Many recent studies have explored how to improve the effectiveness of CPGs in healthcare and treatment. One group of these studies has focused on developing a clinical decision support system (CDSS). A CDSS integrated with the hospital information system would reduce costs and encourage best practice by providing healthcare professionals with tailored recommendations based on the data of an individual patient (Peleg 2007; Gilmer et al. 2012) . The use of modeling languages for computer-interpretable guidelines (CIGs) is essential when developing a CDSS from CPGs. CIG modeling languages such as Asbru, PROforma, PRODIGY, EON, GLIF, and the Shareable Active Guideline Environment (SAGE) have been used to extrapolate more detailed and specific knowledge elements from narratives in CPG. These CIG modeling languages allow healthcare professionals to create CIGs to express rules without programming knowledge or skills (Tu, Campbell & Musen 2004; Kaiser & Miksch 2005) . In addition, some CIG modeling languages provide schemes for standardised representations of rules, which facilitates the acquisition of patient data from the hospital information system in order to generate individualised recommendations (Orzano et al. 2008) . The SAGE guideline model was constructed based on the outcomes of previously developed CIG modeling languages and was developed focusing on a methodology and technology infrastructure that promotes the exchange of knowledge concepts and patient data (Sonnenberg & Hagerty 2006; Tu et al. 2007) .
Knowledge modeling involves a sequential cognitive process, with the efficacy of an obtained knowledge model depending on the developer's level of knowledge and experience. Thus, collaboration between domain experts and knowledge engineers (informatics researchers) is essential to maximising the logical completeness and consistency of clinical algorithms and rules. An authoring tool to support collaboration and communication between domain experts and knowledge engineers is needed (Peleg al. 2006; Latoszek-Berendsen et al. 2010) . It is also important to evaluate each step of knowledge modeling with evaluation plans formulated early in the system design stage in order to minimise the errors in the developed models (Sailors et al. 1996; Kim et al. 2010) . Evaluating the accuracy of CIGs is a difficult step in the development of a CDSS, especially one providing complex recommendations. However, evaluation of the knowledge model is an important step in identifying and correcting errors before they are integrated in a computer system (Sailors et al. 1996; Choi et al. 2007) .
Pressure ulcers are a major nursing problem in primary care settings in Korea, which makes it very important not only to prevent but also manage them. However, few reports have focused only on pressureulcer prevention (Zielstorff et al. 1996) . In addition, decision-making about pressure-ulcer management by nurses in primary care settings in Korea also needs to be supported by effective decision tools (Randell et al. 2009 ). Knowledge on pressure-ulcer management has to be modeled using a CIG modeling language such as the SAGE guideline model in order for the CDSS to generate patient-specific recommendations. Creating an accurate CIG for pressure-ulcer management using a modeling language requires knowledge elements to be specified with authoring tools in order to facilitate the collaboration and communication between the domain experts and knowledge engineers. It is also necessary to identify errors in the CIG with an execution engine before it is implemented in the CDSS.
This study explored whether knowledge elements can be represented semi-formally with two commonly available programs, MS Excel and MS Visio, so as to aid the collaboration between domain experts and knowledge engineers in creating an accurate CIG for pressure-ulcer management using the SAGE guideline model. In addition, the accuracy of the CIG was evaluated in this study using an execution engine developed to generate patient-specific recommendations and deliver usable decision support services in Korea Lee et al. 2012 ).
Background

The SAGE guideline model
The standards-based SAGE guideline model is a formal method for specifying CIGs (Tu et al. 2007; LatoszekBerendse et al. 2010 ) that contains various classes, attributes, and facets for creating CIGs. The Activity_ Graph class and the expression class were used in this study. The Activity_Graph is a type of process model for describing relationships among different activities such as contexts, decisions, and actions including recommendations (Figure 1 ) (Tu 2006; Tu et al. 2007) ; the context class is used to describe specific guidelines applied to the clinical setting; the decision class is used for decision knowledge related to determining preferences among alternative courses of action; and the action class is used to encapsulate work items that should be performed by the computer system or healthcare professional according to the decision factors.
The expression class is a template whose subclasses include criterion, variable, function, and VMR (virtual medical record)_Query classes for writing the decision criteria, formulae, and other expressions. The VMR_Query class is used to specify constraints on attribute values that should be returned by the hospital information system, thus helping to manage patient data for the CDSS. These classes serve as expression templates and allow knowledge engineers to write computable expressions (Tu et al. 2007 ). The SAGE guideline modeling methodology involves a sevenstep deployment-driven process that uses a knowledge base to provide decision support services at the point of care (Tu, Campbell & Musen 2004; Tu 2006) . According to this methodology, clinical workflow and decision support services for pressure-ulcer management had been analysed before initiating the process of knowledge translation from CPGs to a CIG as described below.
CDS services for pressure-ulcer management
The CDS services were aimed at providing home-care nurses with patient-specific knowledge on pressureulcer management using CPGs. The nursing care process for pressure ulcers was analysed by reviewing nursing records and convening a focus-group meeting to identify the decision support services necessary for pressure-ulcer care. This analysis identified two decision support services: (i) assessing pressure ulcers and (ii) selecting appropriate topical agents according to the condition (e.g. presence of infection) of a pressure ulcer.
The pressure-ulcer-management CDSS in this study was designed and developed to provide these decision support services according to the clinical workflow of home-care nurses. Whenever a patient has pressure ulcers, their assessment, determination of the presence of infection, and appropriate topical agents selection services are delivered to nurses using structured data-entry forms via a user interface. We confirmed that strong links between knowledge of the prototype and management of the patient data facilitated the provision of patient-specific CDS services (Kim & Park 2012) . The decision support service for determining the presence of infection is reported in this paper.
Method
Procedures for developing a CIG
The first phase comprised three sub-phases: (i) selecting CPGs for pressure-ulcer management; (ii) extracting knowledge elements from the selected CPGs using MS Excel and MS Visio; and (iii) developing a CIG using the SAGE guideline model. We selected CPGs as a source of evidence-based knowledge on pressure-ulcer management, which is essential when developing a CIG. Published CPGs on pressureulcer management were retrieved from the National Guideline Clearinghouse (using 'pressure ulcer' and 'bed sore' as guideline categories, '2000 through 2009' as publication years, and adult age as the target population), and the website of the National Pressure Ulcer Advisory Panel (NPUAP; http://www.npuap.org/). The publication year, organisations, and age range of the target population were restricted in order to refine our search. Three home-care nurse specialists further filtered the guidelines based on their applicability to home-care nurses in Korea. These CPGs contain various facets of knowledge on pressure ulcers, such as causes, prevention, assessment, surgical and adjunctive treatments, and management of relevant factors. In this study we were interested only in the assessment of pressure ulcers and the selection of topical agents.
Two steps are involved in extracting knowledge elements from the CPGs: (i) the semantic mark-up process; and (ii) the semiformal representation process (Shahar et al. 2004 ). In the semantic mark-up process, we marked up statements describing pressure-ulcer assessments and the process of selecting topical agents for treatment. In the semiformal representation process, we extracted knowledge elements in the marked up statements based on knowledge elements of the SAGE guideline model, such as decisions and actions. Implicit and general knowledge elements contained in the marked up statements were specified and objectified by atomisation, de-abstraction, and disambiguation in order to extract rules (Shiffman et al. 2004 ). Atomic-level concepts and if-then types of rules were documented in MS Excel spreadsheets, and algorithms linking rules were created with the MS Visio program. Additional knowledge and the resulting rules were validated by two domain experts in fundamental nursing and two engineers who were expert in nursing informatics.
Finally, algorithms linking rules were encoded using the Activity_Graph class in the SAGE guideline model. In addition, decision criteria were encoded in formulas contained in an MS Excel spreadsheet using the expression class; that is, a CIG was instantiated with classes and a slot structure following the technical specification of the SAGE guideline model based on the open-source Protégé.
Measures for the accuracy of the CIG Samples
Test cases with all possible execution paths were created to evaluate the accuracy of the generated CIG for recommending the appropriate topical agents (Choi, Currie et al. 2007 ). The factors considered in creating possible execution paths were the stage of the pressure ulcer, amount of exudate, and presence of necrotic tissue, maceration, and infection. Twentyeight test cases were generated initially considering the definitions and clinical findings for stages of pressure ulcers, of which two clinically implausible ones were removed. The remaining 26 test cases that were used to evaluate the accuracy of the CIG results are listed in Table 1 .
Accuracy analysis
The accuracy of the CIG for pressure-ulcer management was tested based on a functional testing paradigm involving the inputs and outputs of the system. Test cases for functional testing must be derived from design specifications (Sailors et al. 1996; Choi et al. 2007) . Using the 26 test cases, the expected outcomes produced by the domain experts were compared with the recommended outcomes generated from a locally developed execution engine, u-BRAIN, which consists of a workflow engine and a rule engine for enacting clinical workflow and knowledge processing. This engine employs a knowledge converter as a plug-in module that allows the CIG of the SAGE guideline model to be used as an input (Figure 2) ). The three homecare nurse specialists who produced the expected outcomes were the same nurses who had validated the rules in the second phase; therefore, the expected outcomes were used as the gold standard for the test. Discrepancies between them were reviewed in order to identify and correct errors in the CIG. Refer to rules 3 to 13 in Table 2 Infection: Not 
Knowledge elements extracted from the CPGs
Fifty rules on the assessment and selection of appropriate topical agents for the treatment of pressure ulcers were extracted from the CPGs. Thirty-eight of these rules were encoded in the CIG for this study; the rules to determine the presence of infection are presented in Table 2 . The other 12 rules not encoded in the CIG were used in developing the user interface, since it was more efficient (Kim & Park 2012) .
Home-care nurse specialists marked up sentences in order to extract rules related to infection first, such as the statement by the Wound, Ostomy and Continence Nurses Society that 'Typical signs and symptoms of infection include purulent exudate, odor, erythema, warmth, tenderness, edema, etc.,' and the statement by the Registered Nurses' Association of Ontario that 'Clinical signs and symptoms of wound infection include non-healing, friable granulation, slough, etc.' A knowledge engineer then specified these sentences in semiformal representation. However, since infected pressure ulcers do not exhibit all these signs and symptoms simultaneously, the signs and symptoms needed to be reclassified in order to specify the sentences using MS Excel spreadsheets. For example, ulcers with purulent exudates or foul odour were regarded as infected wounds regardless of any other signs and symptoms (numbers 1 and 2 in Table 2 ). Cases with more than two signs and symptoms other than purulent exudate and foul odour were regarded as possible infection (numbers 3-13 in Table 2 ). The authors attempted to identify additional knowledge from the literature in order to resolve these issues. However, since no additional knowledge was available from any previous studies, the opinions of home-care nurse specialists were used. The rules in Table 2 were specified from the statements related to the infection of pressure-ulcer wounds.
MS Visio software was used as a semiformal representation to document the algorithms linking the static rules in the decision-making process documented in MS Excel spreadsheets. For example, Figure 3 depicts the algorithms that linked the rules in Table 1 , which determine the presence of infection of pressure-ulcer wounds. The three algorithms in the semiformal representation performed the following functions: (i) selecting appropriate topical agents for a stage-1 or stage-2 pressure ulcer, (ii) selecting appropriate topical agents for a stage-3, stage-4, or unstageable pressure ulcer, and (iii) determining the presence of infection.
The CIG developed using the SAGE guideline model
The rules were encoded as two Activity_Graphs in the SAGE guideline model: (i) one for recommending the appropriate topical agents according to the condition of the pressure ulcer, which combined the first two algorithms in the semiformal representation (see above); and (ii) one for determining the presence of infection using the data entered before. The (ii) Activity-Graph was encoded as a sub Activity-Graph of (i) Activity-Graph. The two Activity-Graphs were applied to the test for accuracy analysis in reverse order. The two Activity_Graphs consisted of 10 instances of context classes describing different conditions that trigger or terminate the CIG, 18 instances of decision classes describing different decision-making criteria, and 27 instances of action classes describing different courses of action.
The three home-care nurse specialists reviewed the Activity_Graphs in order to identify and correct errors, including differences between the algorithms presented with MS Visio and Activity_Graphs during encoding. They found no discrepancies between them. In addition, specified formulae and decision criteria presented in Table 2 were encoded using 24 instances of criterion classes, 21 instances of variable classes, five instances of function classes, and 10 instances of VMR_Query classes. An encoding example of one of the decision criteria presented in Table 2 is shown in Figure 4 . The criterion 'increase in necrotic tissue' was used to discriminate presence of infection. The rule for 'increase in necrotic tissue' is 'percentage of slough tissue + percentage of eschar is greater at today's visit than at last visit'. The variables compared in this rule are the amounts of necrotic tissue observed today and at the last visit, while the comparison operator is '>' (i.e. greater than).
Accuracy of the CIG
In two of the 26 test cases there were differences in the expected results produced by the three homecare nurse specialists and the recommended outputs generated by u-BRAIN. Two syntax errors in the CIG caused these discrepancies. The first error occurred because ' AND' was used instead of 'NO' in a complex condition, and the second error occurred because a numeric character was omitted in representing the threshold in decision-making criteria. These errors were easily identified and corrected.
Discussion
Improving the quality of medical treatment and cost containment are important issues in healthcare, and has prompted increased attention on the development and application of evidence-based CDSSs (Mamlin et al. 2006; Evans 2007) . A CDSS can be used to promote best practices by healthcare professionals, including by reducing the likelihood of personal bias influencing their decision-making. Studies have shown that the use of a CDSS can reduce the length of hospital stay and costs (Sintchenko et al. 2005 , Gilmer et al. 2012 .
There are two important and difficult problems to solve in converting text-based CPGs into CIGs in CDSSs. The first is to extract knowledge from free-text descriptions in CPGs and to convert this knowledge into CIGs (Cho et al. 2007; Peleg 2007) . Several tools are available to help domain experts to translate knowledge and follow standard schemes in order to link knowledge to patient information at the point of care. The present study applied the SAGE guideline model (based on the Protégé environment) to convert CPGs for pressure-ulcer management into a CIG. The second problem is verifying the accuracy of the CIGs and correcting errors before implementing the CIGs in a CDSS (Sailors et al. 1996; Martins et al. 2006; Kim et al. 2010) . In the present study the accuracy of the CIGs was verified by u-BRAIN, which is an execution engine developed in Korea.The authors searched the National Guideline Clearinghouse and the website of the NPUAP to identify knowledge sources for a pressure-ulcer-management CDSS for providing patient-specific recommendations, and selected CPGs on general pressure ulcers regardless of comorbidity.
Several tools have been developed to support a semiformal representation for facilitating the transformation of CPGs into CIGs, such as Uruz in DeGel, DELT/A, and KnowBaSICS-M (Votruba, Miksch & Kosara 2003; Shahar, et al. 2004; Bratsas et al. 2007 ). The use of such tools by domain experts will increase the effectiveness of knowledge management for a CDSS, by improving efficiency when revising, adding, or removing knowledge (Kaiser & Miksch 2005) . In addition, these tools support collaboration between domain experts and knowledge engineers during the guideline conversion process as well as when identifying and correcting errors in the semiformal representation. However, a practical semiformal representation for use with the SAGE guideline model has not yet been recommended.
This study extracted rules based on knowledge elements of the SAGE guideline model such as decisions and actions. MS Excel spreadsheets were used to represent the knowledge elements. For example, 'increase in necrotic tissue' is one of the narratives describing a nurse's decision criterion in these CPGs. However, the ability of a computer program to infer 'increase of necrotic tissue' requires the use of atomic concepts such as 'slough' and 'eschar' and a knowledge element describing the relation between these concepts, such as 'percentage of slough tissue + percentage of eschar is greater at today's visit than at last visit'. The home-care nurse specialists were able to understand knowledge elements documented with MS Excel and algorithms created with MS Visio. This feature was very important since it allowed the home-care nurse specialists to evaluate and correct the semiformally represented rules before encoding them into the CIG.
The knowledge elements represented semiformally were encoded using the SAGE guideline model to allow computer processing. Two algorithms for recommending the appropriate topical agents according to the pressure-ulcer conditions in a semiformal representation were combined into one Activity_Graph in the SAGE guideline model, since this could be executed more effectively by an execution engine. Even though it took time to understand the structure of the SAGE guideline model classes, the characteristics of slots, and the encoding methods, the SAGE guideline model effectively supported encoding of the CIG on pressureulcer management without any knowledge of the programming language by adding instances using guideline model classes. Although the SAGE guideline model has previously been used to convert CPGs into CIGs in the areas of immunization, diabetic hypertension, and community-acquired pneumonia from the SAGE Workbench (2009), the present work represents that first reported use in a nursing field. Knowledge for pressure-ulcer management is much simpler than these examples, and all of the extracted rules for pressureulcer management were encoded with the SAGE guideline model. The SAGE guideline model also provides a standard scheme for linking knowledge concepts and patient information (Tu 2006 ). An example of managing patient data is the use of the VMR_Query class based on an information model such as HL7. Data such as 'slough' and 'eschar' at 'today's visit' or 'last visit' have temporal attributes, and we were able to manage with VMR and VMR_query to define the attributes of patient data in a hospital information system.
The accuracy of the CIG was evaluated by the u-BRAIN execution engine, which was previously demonstrated to be useful for verifying and validating the accuracy of a CDSS for hypertension management . It is difficult to identify errors in a knowledge base developed by knowledge authoring tools such as the SAGE guideline model simply by http://dx.doi.org/10.12826/18333575.2013.0016.Kim examining the programming code. Thus, it is common to test this kind of system using functional testing that compares the inputs with the outputs of test cases derived from design specifications (Sailors et al. 1996) . Choi et al. (2007) applied this paradigm to 21 test cases, and found that evaluation of the CIG encoded in the GLIF3 modeling language was useful. The functional testing performed in the present study using the execution engine and 26 test cases was effective at identifying encoding errors in the pressureulcer-management CIG.
Limitations of the study
This study had a few limitations. We only covered knowledge on pressure-ulcer assessment and the selection of topical agents, and excluded knowledge on the prevention and management for relevant factors, and adjunctive therapies. We suggest that a new CDSS system covering knowledge on all aspects of pressure-ulcer management should be developed in the future. Also, due to time constraints, the effectiveness of the CDSS developed in this study was not tested. We plan to examine the effectiveness of the system in the near future. Since not all medical knowledge can be converted into rules for decisionmaking, the experiences and cognitive learning of each healthcare professional still play important roles in decision-making. However, CDSSs can improve the decision-making of healthcare professionals and, in turn, improve patient outcomes (Lyons & Richardson 2003; Evans 2007) .
Conclusion
CDSSs are useful tools for improving the quality of care and reducing costs, and CPGs are excellent knowledge sources for CDSSs (Greenes 2007; Latoszek-Berendsen et al. 2010) . The use of CPGs in CDSSs requires knowledge modeling; that is, converting knowledge from CPGs into CIGs. We have examined how useful popular programs (MS Excel and MS Visio) and the SAGE guideline model are for converting nursing knowledge on pressure-ulcer management into a CIG. Rules for pressure-ulcer assessment and selection of topical agents were successfully extracted and represented semi-formally from the CPGs on pressure-ulcer management by using MS Excel and MS Visio. These programs facilitated communication and collaboration between homecare nurse specialists and knowledge engineers. The rules were then successfully encoded using the SAGE guideline model. Since CIGs should be evaluated for accuracy before implementation, an execution engine developed in Korea was used to evaluate the accuracy of the CIG for pressure-ulcer management. The CIGs developed in this study were implemented in a prototype CDSS to demonstrate the ability to provide patient-specific knowledge based on the available patient information.
CDSSs will become more important as hospitals develop and use information technology for patient care. While developing a competent CDSS requires both knowledge engineers and domain experts who thoroughly understand patient information, the knowledge elements of the CDSS should always use patient information to make patient-specific recommendations at the point of care. Therefore, our approach could serve as a model for generating and verifying CIGs in other clinical fields.
